We computed a grid of theoretical models to fit the δ Scuti frequencies of CoRoT 100866999 detected earlier from the CoRoT timeserials. The pulsating primary star is determined to be a main sequence star with a rotation period of 4.1 +0.6 −0.5 days, rotating slower than the orbital motion. The fundamental parameters of the primary star are determined to be M = 1.71 +0.13 −0.04 M ⊙ , Z = 0.012 +0.004 −0.000 , f ov = 0.02 +0.00 −0.02 , T eff = 8024 +249 −297 K, L = 11.898 +2.156 −1.847 L ⊙ , log g = 4.166 +0.013 −0.002 , R = 1.787 +0.040 −0.016 R ⊙ , and X c = 0.488 +0.011 −0.020 , matching well those obtained from the eclipsing light curve analysis. Based on the model fittings, p 1 and p 5 are suggested to be two dipole modes, and p 3 , p 4 , p 6 , and p 7 to be four quadrupole modes. In particular, p 4 and p 7 are identified as two components of one quintuplet. Based on the best-fitting model, we find that p 1 is a g mode and the other nonradial modes have pronounced mixed characters, which give strong constraints on the convective core. Finally, the relative size of the convective core of CoRoT 100866999 is determined to R conv /R = 0.0931 +0.0003 −0.0013 .
INTRODUCTION
The δ Scuti (Campbell & Wright 1900) and γ Dor variables (Kaye et al. 1999 ) are two classes of late A-and early F-type stars. δ Scuti stars mainly pulsate in loworder radial and nonradial modes with typical periods in the range of 0.02-0.25 days (Breger 2000) , which are driven by the κ mechanism (Baker & Kippenhahn 1962 , 1965 Zhevakin 1963; Li & Stix 1994) operating in the second partial ionization zone of helium (Chevalier 1971; Dupret et al. 2004; Grigahcène et al. 2005) . Due to the low radial order, oscillations of δ Scuti stars are not in the asymptotic regime, while their pulsation patterns still exhibit regularities (e.g., Paparó et al. 2013 Paparó et al. , 2016 . These regularities also include the scaling relation between the large frequency separation and the mean density of the star (Suárez et al. 2014; García Hernández et al. 2015 , the amplitude modulation (Bowman & Kurtz 2014; Barceló Forteza et al. 2015; Bowman et al. 2016) , and the empiric relation between the frequency of the maximum oscillation power ν max and the effective temperature T eff (Barceló Forteza et al. 2018) . γ Dor stars pulsate in g-mode oscillations driven by the convective blocking mechanism, which operates in the outer convective zone (Guzik et al. 2000; Dupret et al. 2004 Dupret et al. , 2005 Grigahcène et al. 2005) . Their periods are rela-tively longer, i.e., between 0.3 days and 3 days. The g modes of γ Dor stars and their departure from the constant period spacing allow us to probe the interiors of the star, such as chemical mixing (Miglio et al. 2008 ) and rotation (Van Reeth et al. 2015 .
In the Hertzsprung-Russel diagram, the instability strips of δ Scuti and γ Dor stars largely overlaps with each other (Balona 2011; Henry et al. 2011; Uytterhoeven et al. 2011; Xiong et al. 2016) . Xiong et al. (2016) showed that most of the pulsating variables in the δ Sct-γ Dor instability strip are very likely hybrids that pulsate in both p and g modes. Moya et al. (2017) found that the boundary of δ Scuti and γ Dor pulsations depends on the temperature. The first such hybird star was detected from the ground by Henry & Fekel (2005) . Thanks to the space missions MOST (Walker et al. 2003) , CoRoT (Baglin et al. 2006) , and Kepler (Borucki et al. 2010) , the hybrid behavior is found to be common for A-and F-type stars (Grigahcène et al. 2010; Balona et al. 2015) , and a large number of hybrid δ Sct-γ Dor pulsators have been detected and precisely observed, such as CoRoT 1057330033 (Chapellier et al. 2012) , KIC 11145123 , and KIC 9244992 (Saio et al. 2015) . The hybrid pulsators are very important and promising objects for the study of the stellar structure, since presence of p-and g-modes allow us probe properties of the star from the envelope to the core.
CoRoT 100866999 is an eclipsing binary observed from May 16 to October 5 in 2007 (∆T = 142 days) during CoRoT's first long run targeting the Galactic center (LRc01). Sarro et al. (2013) obtained an effective temperature of 7700 ± 400 K using low-resolution spectroscopy observed with the Giraffe multi-object spectrograph installed at VLT at ESO in Chile. Chapellier & Mathias (2013) analysed the eclipsing light curve, and determined physical parameters of the pulsating primary star as M 1 = 1.80 ± 0.2 M ⊙ , R 1 = 1.90 ± 0.2 R ⊙ , log g 1 = 4.1 ± 0.1, T eff,1 = 7300 ± 2500 K, and those of the secondary star as M 2 = 1.1 ± 0.2 M ⊙ , R 2 = 0.9 ± 0.2 R ⊙ , log g 2 = 4.6 ± 0.1, T eff,2 = 5400 ± 430 K, respectively. Besides, they extracted 8 independent δ Scuti frequencies in the domain [16.25; 26 .67] days −1 and 63 independent γ Dor frequencies in the domain [0.30; 3.61] days −1 (Table 2 of Chapellier & Mathias (2013) ). Moreover, they identified 22 γ Dor frequencies as g modes of ℓ = 1 with successive radial orders due to their nearly constant period interval.
Sánchez Arias et al. (2017) had carried out detailed asteroseismic modelling for CoRoT 100866999. However, their asteroseismic parameters deviate from the results of the eclipsing analysis given by Chapellier & Mathias (2013) . In general, the component stars in binaries always rotate along with their orbital motion. The stellar rotation will result in each nonradial oscillation with the spherical harmonic index ℓ splitting into 2ℓ + 1 different frequencies, thus effects of rotation on oscillations should be included. In this work, we extend the work of Sánchez Arias et al. (2017) , and perform a more comprehensive asteroseismic analysis for CoRoT 100866999. The details of input physics are presented in Section 2, and model grids are elaborated in Section 3. We introduce our fitting results in Section 4 and discuss them in Section 5. Finally, we conclude the main results of this work in Section 6.
INPUT PHYSICS
The stellar evolution code Modules for Experiments in Stellar Astrophysics (MESA), which was developed by Paxton et al. (2011 Paxton et al. ( , 2013 Paxton et al. ( , 2015 Paxton et al. ( , 2018 , is used to compute evolutionary and pulsational models. In particular, the submodule called "pulse adipls" in version 10398 is used to generate stellar evolutionary models (Paxton et al. 2011 (Paxton et al. , 2013 (Paxton et al. , 2015 (Paxton et al. , 2018 , and calculate adiabatic frequencies of their radial and nonradial modes (Christensen-Dalsgaard 2008) .
In our work, the 2005 update of the OPAL equation of state tables (Rogers & Nayfonov 2002 ) are adopted. The OPAL opacity tables of Iglesias & Rogers (1996) for high temperatures region and tables of Ferguson et al. (2005) for low temperatures region are used. The initial ingredient in metallicity is assumed to be identical to that of the sun (Asplund et al. 2009 ). The classical mixing length theory of Böhm-Vitense (1958) with α = 1.90 (Paxton et al. 2011 ) is used in the convective region. For the overshooting mixing of the convective core, we adopt an exponentially decaying prescription and introduce an overshooting mixing diffusion coefficient (Freytag et al. 1996; Herwig 2000) . In equation (1), D 0 is the diffusion mixing coefficient near the edge of the convective core, z the distance into radiative zone away from the edge, H p the pressure scale height, and f ov an adjustable parameters describing the efficiency of the overshooting mixing. In our calculations, the lower limit of the diffusion coefficient is set to be D limit ov = 1×10 −2 cm 2 s −1 , below which overshooting shuts off. In addition, effects of the stellar rotation, the element diffusion, and magnetic fields on the stellar structure and evolution are not included in this work.
GIRD OF STELLAR MODELS
The evolutionary track and the interior structure of a star depend on the initial stellar mass M , initial chemical ingredient (X, Y , and Z), and the overshooting parameter f ov . In our work, the initial helium abundance is set to be Y = 0.249 + 1.33Z , as a function of the metallicity Z, thus the stellar structure and evolution can be completely determined by M , Z and f ov . In our work, we consider stellar masses M between 1.50 M ⊙ and 2.20 M ⊙ with a step of 0.01 M ⊙ , and metallicities Z between 0.005 to 0.030 with a step of 0.001. These values of Z corresponds to the range of [Fe/H] from -0.4 to 0.4 according to
where we adopt the value of (Z/X) ⊙ = 0.0181 (Asplund et al. 2009 ). For the overshooting mixing, we also adopt four different cases: no overshooting (f ov = 0), moderate overshooting (f ov = 0.01), intermediate overshooting (f ov = 0.02), and extreme overshooting (f ov = 0.03). Each star in the grid is computed from the zero-age main sequence to the post-main sequence stage. Figure 1 depicts a set of evolutionary tracks of stars with Z = 0.012, f ov = 0.02, and M ranging from 1.50 M ⊙ to 2.20 M ⊙ in a interval of 0.01 M ⊙ . The two dotted lines in Figure 1 corresponds to the constraint of the effective temperature 7000 K < T eff < 8400 K (Chapellier & Mathias 2013; Sarro et al. 2013) . For theoretical models meeting with the constraint, we calculate its frequencies of radial oscillations (ℓ = 0) and nonradial oscillations with ℓ = 1 and ℓ = 2.
Besides, following works of Chen & Li (2018 , 2019 , we consider the rotation period P rot between 0 day and 10 days with a step of 0.1 days, as the fourth adjustable parameter. For a given P rot , each nonradial oscillation mode will split into 2ℓ + 1 different frequencies according to ν ℓ,n,m = ν ℓ,n + mδν ℓ,n = ν ℓ,n + β ℓ,n m P rot (3) (Saio 1981; Dziembowski & Goode 1992; and Aerts et al. 2010) , where δν ℓ,n is the splitting frequency, R is the present radius of the star, and β ℓ,n is the rotational parameter that determines the size of rotational splitting. The general expression of β ℓ,n for a uniformly rotating star is deduced to be (Aerts et al. 2010) , where ξ r and ξ h are the radial displacement and the horizontal displacement respectively, ρ is the local density, and L 2 = ℓ(ℓ + 1). According to equation (3), each oscillation mode of ℓ = 1 splits into three different frequencies, forming a triplet. Each oscillation mode of ℓ = 2 splits into five different frequencies, forming a quintuplet.
FITTING RESULTS OF COROT 100866999
Table 1 lists the eight independent δ Scuti frequencies obtained by Chapellier & Mathias (2013) . The frequency F is the largest-amplitude mode, almost 20 times larger than those of other δ Scuti frequencies. Besides, the period ratio of p 2 and F is 0.776, which equals the well known period ratio 0.772 between the fundamental radial mode and the radial first overtone mode (Fitch 1981; Poretti et al. 2005) . In general, the component stars in eclipsing binaries always rotate along with their orbital motion. Suárez et al. (2006) investigated effects of rotation on period ratios of radial modes, and found that the difference of period ratios remains around 10 −3 for rotational velocities up to 50 km s −1 . Moreover, Chapellier & Mathias (2013) found that the radial fundamental mode F corresponds to an absolute magnitude M υ = 2.4 mag and an A8V spectral type for the primary star according to the period-luminosity relation of Templeton et al. (2002) . These values match well the parameters obtained from the eclipsing light curve fit. Therefore, we use F as the fundamental radial mode and p 2 as the radial first overtone mode in our calculations.
To find the optimal model to observations, we compare model frequencies with the observed frequencies F , p 1 , p 2 , p 3 , p 4 , p 5 , p 6 , and p 7 according to
where ν obs,i represents the observed frequency, ν mod,i represents its corresponding model frequency, and k is the number of the observed frequencies. Frequencies p 1 , p 3 , p 4 , p 5 , p 6 , and p 7 are not identified in advanced, thus theoretical frequencies nearest to them is regarded as their possible model counterparts. Figures 2 and 3 show plots of resulting S 2 m versus various physical parameters. Each circle in the figures represents one minimum value of S 2 along one evolutionary track. We denote the minimum value with S 2 m . In the figures, circles in black, bule, red, and green correspond to theoretical models with f ov = 0, 0.01, 0.02, and 0.03, respectively. The horizontal line in orange marks the position of S 2 m = 0.1, which corresponds to the square of four times of the frequency resolution 1/∆T . The circles above the horizontal line corresponds to 78 candidate models in Table 2 . The filled circle in the figures corresponds to the best-fitting model (Model 68). Figure 2 (a) presents changes of S 2 m as a function of the stellar mass M . In the figure, values of M are found to cover a wide range, i.e., 1.67−1.84 M ⊙ , while stellar masses of theoretical models with the same overshooting mixing are found to exhibit good convergence. Therein, values of M converge well to 1.79−1.84 M ⊙ for models with f ov = 0, to 1.75−1.77 M ⊙ for models with f ov = 0.01, and to 1.67−1.71 M ⊙ for models with f ov = 0.02.
Figures 2(b) and 2(c) present changes of S 2 m as a function of the metallicity Z and the rotation period P rot , respectively. It can be clearly seen in the figures that values of Z converge well to 0.012−0.016, and those of P rot converge well to 3.6−4.7 days. Figure 2 (d) presents changes of S 2 m as a function of the overshooting parameter f ov . As shown in the figure, the best-fitting model has an intermediate overshooting (f ov = 0.02). Besides, we find that theoretical models without overshooting (f ov = 0) and with moderate overshooting (f ov = 0.01) can also reproduce well the eight δ Scuti frequencies.
Figures 3(a)-(d) depict changes of S 2 m as a function of the effective temperature T eff , the luminosity L, the stellar radial R, and the gravitational acceleration log g, respectively. In Figures 3(a) and 3(b), it can be noticed that both of T eff and L distribute over a wide range, i.e., T eff = 7727−8273 K and L = 10.051−14.054 L ⊙ . In Figures 3(c) and 3(d), R and log g distribute over a relatively smaller range, R = 1.771−1.827 R ⊙ and log g = 4.164−4.179. Moreover, R and log g of theoretical models with the same overshooting are found to be in good convergence. Based on the above considerations, fundamental parameters of the primary star derived from the asteroseismic models are listed in Table 3 . They match well the parameters obtained from the eclipsing light curve fit given by Chapellier & Mathias (2013) . Table 4 lists model frequencies of the best-fitting model. Table 5 lists comparisons between model frequencies of the best-fitting model and the observed δ Scuti frequencies. Based on the comparisons, frequencies p 1 and p 5 are identified as two dipole modes, and p 3 , p 4 , p 6 , and p 7 as four quadrupole modes. In particular, frequencies p 4 and p 7 are identified as two components of one quintuplet.
DISCUSSIONS
In Section 4, we have introduced our fitting results. Physical parameters of theoretical models with different overshooting have a certain dispersion, while those of theoretical models with the same overshooting exhibit good convergence. In order to explain this, propagating properties of the oscillation modes in the star are examined in detail. Figure 4 illustrates the profiles of Brunt−Väisälä frequency N , characteristic acoustic frequencies S ℓ (ℓ = 1 and 2) and hydrogen abundance X H inside the bestfitting model. Figure 5 illustrates the scaled eigenfunctions inside the best-fitting model. The vertical line in Figure 5 denotes the boundary of the convective core (∇ r = ∇ ad ). The inner zone is the convective core, and the outer zone is the radiation envelope. It can be clearly seen in Figure 5 that the fundamental radial mode F and the radial first overtone mode p 2 propagate mainly in the stellar envelope, and then characterize the features of the stellar envelope. For those nonradial oscillation modes, we find that p 1 is predominantly a g mode with largest amplitude near the edge of the convective core, and the others exhibit a mixed character with substantial amplitudes near the edge of the convective core and the surface. Therefore, the nonradial oscillation modes can give strong constraints on conditions of the convective core .
The acoustic radius τ 0 is the sound travel time between the center and the surface of the star. It is defined by Aerts et al. (2010) as
where c s the adiabatic sound speed. In general, the value of c s in the envelope is much smaller than that in the convective core, thus τ 0 is suitable to characterize features of the stellar envelope. Given that the nonradial modes have substantial amplitudes near the edge of the convective core, we use the relative radius of the convective core R conv /R to characterize features of the deep interior of the star.
To fit the eight δ Scuti frequencies, both the convective core and the stellar envelope of the theoretical model need to be matched to the actual structure of CoRoT 100866999. Figures 6 and 7 show changes of S 2 m as a function of τ 0 and R conv /R, respectively. In the figures, we find that τ 0 of the candidate models converge well to 7154 +18 −61 s and R conv /R of the candidate models converge well to 0.0931 +0.0003 −0.0013 . This suggests that they are nearly alike in structure.
The relation between the large frequency separation and the mean density of δ Scuti stars have been investigated in details (e.g., Suárez et al. 2014; García Hernández 2015) . García Hernández (2017) updates the relation asρ
where ∆ν ⊙ = 134.8 µHz (Kjeldsen, Bedding & Christensen-Dalsgaard 2008) .
For the best-fitting model, the mean densityρ mod and the surface gravity log g mod are estimated to be 0.422 g/cm 3 and 4.166, respectively. Besides, we estimate the averaged frequency spacing (∆ν) avg of p modes in Table 4 to be 59.258 µHz based on the best-fitting model. According to equation (7), (∆ν) avg corresponds to a mean density of 0.395 ± 0.038 g/cm 3 and a surface gravity of 4.138 +0.040 −0.044 , matching well the mean density and surface gravity of the bestfitting model.
The rotation period P rot of the primary star is determined to be P rot = 4.1 +0.6 −0.5 days, which is slower than the orbital period P orb = 2.80889 days. Ouazzani et al. (2010) investigated the rotational splittings of β Cephei stars, and found that the threshold of validity of perturbative methods is extended to 10% of the break-up velocity. The break-up velocity υ crit of the primary star is estimated to be 424 ± 2 km s −1 . The rotation velocity υ e is estimated to be 22 ± 3 km s −1 according to υ e =2πR/P rot , about 5.2% of the break-up velocity υ crit , thus the linear perturbation method is still valid. Moreover, given that its low rotational velocity, the effect of rotation on the stellar structure and evolution are not included in our calculations. According to work of Saio (1981) , Dziembowski & Goode (1992) , and Aerts et al. (2010) , the first-order effect of rotation on pulsation is in proportion to 1/P rot , and that of the second-order is in proportion to 1/(P 2 rot ν ℓ,n ). The ratio of the second-order and the first-order effect of rotation can be estimated to be in the order of 1/(P rot ν ℓ,n ), where 1/P rot is estimated to be 2.82 +0.39 −0.36 µHz and ν ℓ,n ranges from 188.113 µHz to 308.669 µHz. The second-order effect of rotation is much less than that of the first-order one . Hence the secondorder effect of rotation on pulsation is not included in this work. Gizon & Solanki (2003) investigated the relation of amplitude of the nonradial oscillation and the inclination angle i of the stellar rotation axes in details. The inclination angle i of CoRoT 100866999 is determined to be 80 ± 2 degrees (Chapellier & Mathias 2013) . According to work of Gizon & Solanki (2003) , dipole modes with m = ± 1 are more visible than those with m = 0, and quadrupole modes with m = 0 and ± 2 exhibit more visible than those with m = ± 1. As shown in Table  5 , amplitudes of p 1 , p 3 , p 4 , and p 6 meet the predictions, while those of p 5 and p 7 do not conform with the relation. The studies of Gizon & Solanki (2003) is on the basis of the assumption that energy equals each other between modes with different azimuthal number. However, this assumption is not always valid for δ Scuti stars, such as for KIC 9244992 (Saio et al. 2015) , the relative amplitudes of modes with m = 0 and those with m = ± 1 varies in different multiplets.
Finally, it should be pointed out that all of the above analyses are based on the δ Scuti frequencies. The pulsating primary star is a hybrid δ Sct-γ Dor star with two clearly distinct frequencies domains (Chapellier & Mathias 2013) . Except for the independent δ Scuti frequencies, there are 63 independent γ Doradus frequencies.
In Table 4 , it can be seen that model frequencies in the interval [3; 60] µHz are very dense, including 94 theoretical frequencies with ℓ = 1 and 165 theoretical frequencies with ℓ = 2. According to equation (3), each mode with ℓ = 1 will split into three different frequencies, and each mode with ℓ = 2 will split into five different frequencies.
Considering the effects of rotation on pulsation, model frequencies will become much denser.
Based on the best-fitting model, we compare model frequencies with the 63 γ Doradus frequencies. The model frequency nearest to observations is regarded as its possible model counterpart, and the comparing results are listed in Table 6 . In Table 6 , the 22 frequencies with a nearly constant period separation identified by Chapellier & Mathias (2013) are marked in boldface. It can be seen in Table 6 that these 22 frequencies can be well reproduced based on our best-fitting model, and their period differences between model frequencies of the best-fitting model and observations range from 0 days for f 38 to 0.0035 days for f 46 . Deviations from the rigorously uniform period spacing for model frequencies nearly equal to those for the 22 observed modes. Furthermore, we compare the γ Dor frequencies with other stellar models in the grid, due to very dense of the model frequencies, the γ Dor frequencies can also be well reproduced. Therefore, we do not use the γ Doradus frequencies to restrict our theoretical models in this work.
SUMMARY AND CONCLUSIONS
We have carried out largely numerical calculations and detailed asteroseismic analyses for the pulsating primary star of CoRoT 100866999. The main results of this work are concluded as follows:
1. The pulsating primary star of CoRoT 100866999 is found to be a main sequence star with a rotation period of 4.1 +0.6 −0.5 days. The primary star rotates slower than the orbital motion.
2. Physical parameters of the primary star of CoRoT 100866999 are determined to be M = 1.71 +0.13 −0.04 M ⊙ , Z = 0.012 +0.004 −0.000 , f ov = 0.02 +0.00 −0.02 , T eff = 8024 +249 −297 K, L = 11.898 +2.156 −1.847 L ⊙ , log g = 4.166 +0.013 −0.002 , R = 1.787 +0.040 −0.016 R ⊙ , and X c = 0.488 +0.011 −0.020 . The asteroseismic parameters match well those from the eclipsing curve fit given by Chapellier & Mathias (2013) .
3. Based on comparisons between model frequencies and observations, p 1 and p 5 are identified as two dipole modes, and p 3 , p 4 , p 6 , and p 7 as four quadrupole modes. Moreover, we find that frequencies p 4 and p 7 are two component of one quintuplet.
4. Based on the best-fitting model, p 1 is found to be a g mode, and the other nonradial modes are found to exhibit distinct mixed characters. These modes provide strong constraints on conditions of the deep interior of the star. Finally, the relative radius of the convective core of CoRoT 100866999 is suggested to be R conv /R = 0.0931 +0.0003 −0.0013 .
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TABLE 2
Candidate models with S 2 m < 0.10. The first column is the serial number of candidate models. Prot is the rotation period of the star. τ 0 is the acoustic radius defined as equation (6). Rconv/R is the relative radius of the convective core in the star. Xc is the mass fraction of hydrogen in the center of the star. (6). Rconv/R is the relative radius of the convective core in the star.
Xc represents the mass fraction of hydrogen in the center of the star. 5 Comparison between model frequencies of the best-fitting model and the δ Scuti frequencies. ν obs is the observed frequency and ν mod is its corresponding model frequency. (ℓ, np, ng, m) are the spherical harmonic degree, the radial orders in p-mode propagation zone, the radial orders in g-mode propagation zone, and the azimuthal number of the model frequency, respectively. |ν obs − ν mod | represents the frequency difference between the observed frequency and its model counterpart.
ID ν obs ν mod (ℓ, np, ng, m) |ν obs − ν mod | (µHz) (µHz) (µHz) F 196.531 196.258 (0, 0, 0, 0) 0.273 p 1 188.113 188.316 (1, 0,-1,-1) 0.203 p 2 253.138 253.333 (0, 1, 0, 0) 0.195 p 3 203.149 203.033 (2, 0,-1,-2) 0.116 p 4 250.061 250. 186 (2, 1,-1, 0) 0.125 p 5 203.326 203. 309 (1, 1,-1, 0) 0.017 p 6 308.669 308.665 (2, 2, 0,-2) 0.004 p 7 252.825 252.710 (2, 1,-1,+1) 0.115
TABLE 6
Comparison between model frequencies of the best-fitting model and the γ Dor frequencies. ν obs and P obs represent the frequency and period of the observed modes, respectively. P mod is the period of its model counterpart. (ℓ, np, ng, m) are the spherical harmonic degree, the radial orders in p-mode propagation zone, the radial orders in g-mode propagation zone, and the azimuthal number of the model frequency, respectively. |P obs − P mod | represents the period difference between the observation and its model counterpart.
